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Proteins of the Hha/YmoA family co-regulate with H-NS the expression of virulence factors in Enter-
obacteriaceae. Vibrio cholerae lacks Hha-like proteins and its H-NS (vcH-NS) is unable to bind Hha, in
spite of the conservation of a key residue for Hha binding by Escherichia coli H-NS (ecH-NS).
Exchange of the residues in position 9 between vcH-NS and ecH-NS strongly reduces Hha binding
by ecH-NS and introduces it in vcH-NS. These mutations strongly affect the repression of the hem-
olysin operon in E. coli and the electrophoretic mobility of complexes formed with a DNA fragment
containing its regulatory region.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction tion of horizontally acquired genes [4,5]. In E. coli, H-NS/Hha com-The expression of horizontally acquired genes, many of which
encode virulence factors in Enterobacteriaceae is regulated by
nucleoid associated proteins of the H-NS [1–3] and Hha/YmoA
families [4,5]. The enteric group of bacteria includes successful
pathogens such as Salmonella, Yersinia and pathogenic Escherichia
coli strains. H-NS modulates also the expression of genes not
related to pathogenicity in response to environmental changes
[6]. Approximately 5% of E. coli genes are subjected to H-NS
modulation [7].
While H-NS-like proteins are widespread in Gram negative bac-
teria, proteins of the Hha/YmoA family are only found in members
of the Enterobacteriaceae [8]. Hha has been characterized as a mod-
ulator of bacterial virulence factors in response to environmental
parameters such as osmolarity or temperature [9]. Hha does not
bind directly DNA but interacts with H-NS forming regulatory
complexes that are especially important in the selective modula-chemical Societies. Published by E
c acid; HSQC, heteronuclear
earch in Biomedicine, Baldiri
9976.plexes modulate the transcription of the hemolysin operon [10]
and the htrA gene [11]. In Salmonella, Hha is involved in the control
of the master regulator of pathogenicity island 1 (SPI1) hilA [4,12].
In Yersinia, YmoA participates in the regulation of expression of
Yop proteins and YadA adhesin [13,14] of Yersinia enterocolitica
and the type III secretion system in Yersinia pestis [15].
Virulence factor genes of Vibrio cholerae, which does not belong
to the enteric group, are also regulated by a H-NS protein which is
55% identical to that of E. coli [16]. V. cholerae H-NS retains a con-
served arginine residue shown to be essential for Hha binding in
E. coli [17]. The crystallographic structure of V. cholerae H-NS N-ter-
minal domain [18] is very similar to the antiparallel dimer formed
by the corresponding region of the protein from E. coli [19]. How-
ever, the Vibrio genus does not contain proteins of the Hha/YmoA
family.
We hypothesized that a detailed comparison of H-NS from
E. coli (ecH-NS) and V. cholerae (vcH-NS) may shed light on the
structural requirements for the formation of H-NS/Hha complexes
and the mechanism of the co-modulation. Mutations were intro-
duced in the Hha binding region of ecH-NS and the homologous re-
gion of vcH-NS to generate vc-ec chimeras that were analyzed for
their capacity to bind Hha and DNA in vitro and their ability to
complement hns mutations in vivo.lsevier B.V. All rights reserved.
2912 J. García et al. / FEBS Letters 583 (2009) 2911–2916The presence of Hha/YmoA proteins may be a key element in
the ability of Enterobacteriaceae to acquire multiple antibiotic
resistance determinants. Therefore, a detailed understanding of
the H-NS/Hha interaction is not only important to elucidate the
mechanism of transcription regulation, but it may also provide
important information on the integration of horizontally acquired
genes on the regulatory networks of the bacterial cell [4,5].2. Materials and methods
2.1. Plasmids, protein expression and puriﬁcation
The hns genes from E. coli and V. cholerae were PCR ampliﬁed
and cloned into pLG338-30, generating plasmid pLGHNSEC and
pLGHNSVC respectively. The gene encoding vcH-NS was also
cloned into pET 14b for protein production.
Mutations were introduced using the QuickChange site-direc-
ted mutagenesis kit (Stratagene) following the protocol recom-
mended by the manufacturer. All clones were sequenced before
use.
Recombinant Hha [17], H-NS fragments 1-47 (H-NS47) [17] and
60-136 (H-NS60-136) [20] and full length H-NS [21] were obtained
and puriﬁed as described elsewhere.2.2. NMR spectroscopy
NMR data were acquired at 25 C on a Bruker Avance 600 MHz
spectrometer. 1H-15N-HSQC spectra were obtained at 65–70 lM
protein concentration in 20 mM sodium phosphate (pH 7.0) con-
taining 150 mM NaCl, 1 mM tris(2-carboxyethyl)-phosphine
(TCEP), 0.2 mM ethylene diamine tetraacetic acid (EDTA), 0.01%
(w/v) NaN3.
Speciﬁc assignments for the 1H-15N-HSQC cross-peaks of the H-
NS47 N9L mutant were obtained using a combination of 3D NOESY-
HSQC and TOCSY-HSQC experiments acquired in a 1 mM sample,
with mixing times of 120 and 60 ms, respectively.Eco   MSEALKILNNIRTLRAQARECTLETL
Yen   MSEALKILNNIRTLRAQARECTLETL
Ype   MSEALKILNNIRTLRAQARECTLETL
Sfl   MSEALKILNNIRTLRAQARECTLETL
Sen   MSEALKILNNIRTLRAQARECTLETL
Eca   MSEALKILNNIRTLRAQARECTLDTL
Vco   MSEITKTLLNIRSLRAYARELTIEQL
Vvu   MSELTKTLLNIRSLRAFSRELTLEQL
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Fig. 1. (A) H-NS proteins from the following species are aligned: Escherichia coli, Y
Typhimurium, Erwinia carotovora, Vibrio cholerae and Vibrio vulniﬁcus. The presence of h
black bar at the top of the alignment. Conserved residues within the Hha binding moti
structure elements of the E. coli H-NS47 are shown. (B) Backbone superposition of one of
(yellow, PDB entry 1OV9) N-terminal domains. Position 9 is indicated by a star.2.3. Band shift assays
Electrophoretic band-shift assays were performed as described
previously [22]. The 2.8 kbp DNA fragment used, corresponding
to the regulatory region of the hly operon of E. coli, was obtained
by PCR ampliﬁcation from plasmid pHly152 [22].
2.4. b-galactosidase assays
Levels of b-galactosidase activity were assayed by standard
techniques using the CHCl3–sodium dodecyl sulfate permeabiliza-
tion procedure [23].
3. Results
3.1. Hha binds exclusively to the N-terminal domain of ecH-NS and
does not bind vcH-NS
H-NS consists of a N-terminal dimerization domain and a C-ter-
minal DNA binding domain separated by a ﬂexible linker that is in-
volved in the formation of higher-order oligomers. The N-terminal
domain forms dimers in solution [19,24]. We had previously iden-
tiﬁed a Hha binding region in the N-terminal domain of E. coli H-NS
and demonstrated that Arg12 is essential for Hha binding [17].
E. coli and V. cholerae H-NS are 69% similar/55% identical. Con-
sidering only the ﬁrst 47 residues the similarity is 75% and the
identity 60%. Arg12 is also conserved in the Vibrio genus
(Fig. 1A). The three-dimensional structure reported for the ecH-
NS [19] and vcH-NS [18] N-terminal domains are very similar,
although small differences are observed in the position of helix 1
(Fig. 1B).
The absence of additional Hha binding sites outside the N-ter-
minal domain of ecH-NS was implied but had not been previously
demonstrated. In order to validate Hha binding studies using only
the N-terminal domain (see below) we have tested Hha binding to
different truncated or mutated forms of ecH-NS by NMR. The inter-
action between Hha and wild-type ecH-NS results in the broaden-EEMLEKLEVVVNERREEESAAAA   +
EEMLEKLEVVVNERREEDSQAQA   +
EEMLEKLEVVVNERREEESQSQA   +
EEMLEKLEVVVNERREEESAAAA   +
EEMLEKLEVVVNERREEESAAAA   +
EEMLEKLEVVVNERREEDSQVQA   +
EEALDKLTTVVQERKEAEAEEIA   -
EEALDKLTTVVAERQEAEAEERA   -
H3
Hha-like
H1
ersinia enterocolitica, Yersinia pestis, Shigella ﬂexneri, Salmonella enterica serovar
ha-like genes in those species is indicated. The Hha binding region is marked by a
f have a grey background. Asn9 and Arg12 are highlighted in bold. The secondary
the two protomers forming the dimeric E. coli (blue, PDB entry 1NI8) and V. cholerae
  6.7  7.7  8.7  9.7
105
109
113
117
121
125
129
BA
  6.6  7.6  8.6  9.6
  6.7  7.7  8.7  9.7
D
  6.6  7.6  8.6  9.6
106
110
114
118
122
126
  6. 6  7.6  8.6  9.6
FE
C
  6.6  7.6  8.6  9.6
1
105
109
113
117
121
125
129
105
109
113
117
121
125
129
106
110
114
118
122
126
106
110
114
118
122
126
H(p.p.m.)
15
N
(p
.p
.m
.)
15N Hha
N Hha
+
vcH-NS L9N
15
N Hha
+
vcH-NS
15N Hha
+
ecH-NS
15
N Hha
+
ecH-NS R12H
15N Hha
+
ecH-NS60-136
15
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quantum correlation (HSQC) spectrum of 15N-labeled Hha (cf.
Fig. 2A and B). This is caused by the slow tumbling of the complex
involving H-NS oligomers. In contrast, addition of ecH-NS60-136 has
no effect (Fig. 2D). The absence of interaction was corroborated by
the lack of any observable effect in the 1H-15N-HSQC spectra of
15N-labeled ecH-NS60-136 in the absence and in the presence of
equimolar amounts of unlabeled Hha (data not shown). Simulta-
neous addition of Hha and unlabeled ecH-NS64 (fragment contain-
ing residues 1–64) had also no effect. These results conﬁrm that
neither free Hha nor its complex with the N-terminal domain of
H-NS interact with H-NS60-136. The absence of Hha binding sites
outside the N-terminal domain is consistent with the very small ef-
fect (15% decrease in intensity) caused in the NMR spectrum of
Hha by the addition of a point mutant of full length ecH-NS in
which essential Arg12 has been mutated to histidine (Fig. 2E). V.
cholerae H-NS does not bind Hha and does not affect its NMR spec-
tra (Fig. 2C) in spite of the conservation of Arg12. However, a single
point mutation is enough to introduce Hha binding ability (Fig. 2F,
see below).
3.2. Hha binding by E. coli–V. cholerae H-NS chimeras
Sequence alignment of the Hha binding region of Enterobacteri-
aceae’s H-NS with Vibrio H-NS shows that only three residues are
not conserved (Fig. 1A). The Hha binding ability of four ecH-NSmu-
tants was compared by the effect of the addition of 0.5 equivalents
of unlabeled Hha in the 1H-15N-HSQC NMR spectrum of 15N-la-
beled H-NS47. The direct observation of the N-terminal domain
provided a control on the structure and folding of the mutants.
Mutants I7T, T 13S and N9L of ecH-NS47 contain the residues
found in equivalent positions of vcH-NS. Mutant T 13A was studied
to rule out the requirement of a hydroxyl group in this position.
The spectra of I7T (Fig. 3A), T 13S (Fig. 3B) and T 13A (data not
shown) mutants are very similar to that previously described ofwild-type [17]. The spectrum of the N9L mutant shows small but
signiﬁcant changes that required reassignment (Fig. 3C).
Hha binding causes a signiﬁcant decrease in the intensity of key
NMR signals close to the Hha binding site of wild-type ecH-HNS47
[17]. Similar changes are observed for the I7T, T 13S and T 13A mu-
tants (Fig. 3D). In contrast, the N9L mutant show very small effects,
affecting a different set of residues (Fig. 3D). The reverse mutation
of Leu9 to Asn in full length vcH-NS dramatically increases the
ability of vcH-NS to bind Hha, although not to the level of wild-
type ecH-NS (Fig. 2F).
Residue Asn9 is located in the loop between helices 1 and 2, that
have different orientations in ecH-NS and vcH-NS N-terminal do-
mains (see Fig. 1B). We hypothesized that Hha binding differences
may originate from this structural difference. In order to test this
hypothesis we prepared two additional ecH-NS47 mutants: N9A
and N9Q. The ﬁrst mutant involves removing the carboxamide side
chain. The second one preserves the functionality but increases the
length of the side chain by one methylene group.
The 1H-15N-HSQC spectrum of the N9A mutant (Fig. 4A) is very
similar to that previously described for wild-type ecH-NS47 [17].
However, the 1H-15N-HSQC spectrum of the N9Q mutant is com-
plex, with duplicated cross-peaks, some of which are broad and/
or of weak intensity indicating that the N9Q mutant exists as a
mixture of conformations in slow exchange (Fig. 4C). Addition of
0.5 equivalents of Hha causes selective broadening of cross-peaks
in the spectrum of N9A (Fig. 4B) but not of N9Q (Fig. 4D), indicating
that Hha binds to ecH-NS47 N9A but not to ecH-NS47 N9Q.
3.3. Effect of mutations in H-NS position 9 in the formation of
nucleoprotein complexes
Hha interacts only with the N-terminal domain of H-NS. DNA
binding and oligomerization involve the C-terminal and linker do-
mains of H-NS [25], although a contribution of the N-terminal do-
main has been suggested [19]. We decided to use electrophoretic
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2914 J. García et al. / FEBS Letters 583 (2009) 2911–2916mobility shift assays (EMSA) to study the binding of full length H-
NS carrying mutations in residue 9 to a known target DNA, a
2.8 kbp fragment of the hly regulatory region [22].
Both, ecH-NS and vcH-NS bind hly DNA but, using the same
amounts of protein the mobility of the complex with vcH-NS is
lower than with ecH-NS (Fig. 5A). The N9L mutant of ecH-NS
causes a much larger shift than the wild-type form and the mobil-
ity is even lower than with the vcH-NS complex. On the other
hand, the reverse mutation in vcH-NS (vcH-NS L9N) substantially
increases the mobility of the complex (Fig. 5A). DNA binding by
all H-NS variants is conﬁrmed by EMSA carried out at different pro-
tein concentrations (Figure 5B). The DNA band is gradually re-
tarded with increasing protein concentrations. The dependency
of the mobility with protein concentration is rather complex. Low-
er mobilities were consistently observed when DNA concentration
was increased suggesting that H-NS oligomers have the possibility
to link different DNA molecules (results not shown). These exper-
iments clearly show that mutations in position 9 affect the forma-
tion of H-NS nucleoprotein complexes.
3.4. Effect of H-NS position 9 mutations in the in vivo ability to
modulate the hemolysin operon
The hemolysin operon is one of the best characterized systems
under the control of H-NS. Interaction of Hha with H-NS enhances
the ability of H-NS to inhibit hly transcription [10]. The ability of
the different H-NS mutants at position 9 to repress in vivo thehemolysin operon was measured by using plasmid pHlyA::lacZ
[5] that contains a lacZ reporter gene fused to the hlyA gene. The
plasmid was transformed into an E. coli hns mutant (BSN27). This
mutant has a functional hha gene. In the absence of functional H-
NS protein, the hly operon is derepressed. Strain BSN27 (pHlyA::-
lacZ) was transformed with plasmids harboring either ecH-NS,
ecH-NS N9L, vcH-NS or vcH-NS L9N. Plasmid pLGHNSEC encoding
wild-type ecH-NS complements the hns mutation and restores hly
repression (Fig. 6). The N9L mutant silenced expression from the
hlyA::lacZ fusion less efﬁciently than wild-type ecH-NS (96 versus
30 Miller units). Plasmid pLGHNSVC harboring vcH-NS only par-
tially compensates the hnsmutation as judged by the signiﬁcant le-
vel of b-galactosidase expression (177 Miller units). The L9N
mutation slightly increased the repression capacity of vcH-NS
(177 versus 116 Miller units).
4. Discussion
H-NS is involved in the adaptive response of bacterial cells to
changes in environmental factors. H-NS-like proteins are widely
distributed among proteobacteria. In some instances, H-NS inter-
acts with proteins of the Hha family forming nucleoprotein com-
plexes that modulates gene expression. Hha-like proteins are
only present in the Enterobacteriaceae. Despite the signiﬁcant se-
quence homology and structural similarity between ecH-NS and
vcH-NS proteins, the latter does not interact with Hha. Mutations
exchanging non-conserved residues in the Hha binding motif of
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responsible for their different Hha binding capacity. For ecH-NS,
Hha binding is observed with Asn and Ala but not with Gln and
Leu in position 9. Replacement of Leu by Asn in vcH-NS generates
a Hha binding site. The size of the side chain in this position, rather
than its chemical nature, seems to be the most important feature.
This effect is probably mediated by conformational changes caused
by the volume of the side chain. A different orientation of helices 1
and 2 connected by the loop containing position 9 can be observed
in the structures of vcH-NS and ecH-NS N-terminal domains. This
interpretation is supported by the chemical shift changes induced
by the size changing mutations in this position that parallel the
loss of Hha binding capacity.
The in vitro Hha binding ability of the different variants of N-
terminal H-NS with Leu and Asn in position 9 correlate with the
different ability to repress in vivo the hly operon of the same mu-
tants of full length ecH-NS and vcH-NS. The mutants with a higher
capacity to bind Hha show a higher repression of the hly operon in
2916 J. García et al. / FEBS Letters 583 (2009) 2911–2916agreement with previous observations indicating that Hha is re-
quired for efﬁcient hly repression [10].
All variants in position 9 are able to bind a DNA fragment of the
hly regulatory region as seen by EMSA. Comparing the two variants
of ecH-NS (wild-type and N9L) and vcH-NS (wild-type and L9N)
the complexes with lower electrophoretic mobilities correspond
to the H-NS species with lower capacity to repress hly.
Interpretation of electrophoretic mobilities in EMSA is compli-
cated by the fact that H-NS is known to oligomerize in the surface
of DNA and to bridge different DNA regions. Unlike ecH-NS, the
ﬁrst 24 amino acids of vcH-NS are sufﬁcient to promote H-NS
self-association determined by cross-linking assays [16]. The dif-
ferent orientation of helix 1 has been suggested to be related to
the different oligomerization properties of vcH-NS and ecH-NS
[26]. The lower electrophoretic mobility of vcH-NS and the N9L
ecH-NS mutant may reﬂect a higher tendency to form oligomers
in the presence of DNA. Non-speciﬁc, high molecular weight nucle-
ocomplexes seem to be formed specially when a leucine residue is
present at position 9. These lowmobility complexes seem not to be
very efﬁcient in repressing hly expression. Speciﬁc repression
seems to be related to the formation of DNA loops in which H-NS
oligomers bridge two sites separated by a region of intrinsic curva-
ture [22]. Stiff rods of DNA covered by H-NS oligomers could be
less mobile than DNA loops due to the different shape and also
to the smaller number of H-NS molecules per DNA. H-NS bridging
of two different DNA molecules may also contribute to low mobil-
ity bands but not be effective for repression. These effects could ex-
plain the anticorrelation between EMSA and hly repression. On the
other hand, H-NS/Hha heterooligomers inhibit hly transcription
more efﬁciently than H-NS alone. Mutations in position 9 affect
Hha binding and a clear correlation is observed with hly repression,
Hha bound to H-NS may contribute to repress transcription by sta-
bilizing the nucleoprotein structure required for gene silencing.
The Hha binding motif is located in a conserved region that has
been reported to participate in H-NS oligomerization [24] and DNA
recognition [19]. Mutations in position 9 have dramatic effects in
Hha binding, the mobility of the complexes formed with the hly
regulatory region and the hly repression by ecH-NS. Hha binding
and a moderate capacity to repress hly is introduced in vcH-NS
by a single mutation in position 9.
The work presented here suggests that the relative orientations
of helices 1 and 2 affect both the ability to bind Hha and the degree
of H-NS oligomerization in the surface of DNA. The high degree of
conservation of this region in species that do not contain Hha-like
proteins suggests that this is a functionally important region of H-
NS, even in the absence of Hha. It further suggests that this region
has evolved in Enterobacteriaceae to recruit proteins, such as Hha,
that modify the H-NS regulatory properties. Given the pleiotropic
effect of the mutations in position 9 one could speculate that
Hha binding might modulate H-NS repression by changing the
geometry of DNA bound H-NS oligomers.
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